The Venice lagoon is one of the most important areas in Italy because of its history and its particular structure and form. In order to defend Venice and other towns within the lagoon from severe floods, the Italian Government promotes a project that includes, among other measures, the construction of the Experimental Electromechanical Module (MoSE). The MoSE is a system of mobile gates installed at the lagoon inlets that are able to temporarily isolate the Venetian lagoon from the Adriatic Sea during severe storm surge events, thus ensuring acceptable safeguarding water levels. To prevent interference between the barriers and the normal port activities, locks have been constructed at each lagoon inlet. However, the use of such locks causes a slowdown in maritime traffic. In order to evaluate a means of reducing such interference during the flooding events characterized by high but not extreme water levels, the present paper demonstrates, by means of a numerical approach, that one of the three inlets can be left open so as to ensure the transit of the vessels. The present paper also points out the meteorological conditions for which the safeguarding water levels of the lagoon are not exceeded when closing only two inlets.
Introduction
The Venice lagoon is located in the northern part of the Adriatic Sea, and it is one of the widest and most important lagoon ecosystems in both Europe and the entire Mediterranean basin [1] . It is characterized by a surface area of around 550 km 2 , a length of about 52 km and a width ranging between 8 km and 14 km (see Figure 1) . The lagoon's surface area is composed by 8% of land, including Venice itself and many smaller islands, and by 92% of dredged channels, mud flats and salt marshes.
The Venice lagoon is connected to the Adriatic Sea by three inlets, from north to south: Lido, Malamocco and Chioggia (see Figure 1 ). Such inlets are characterized by a width of between 500 m and 1000 m and by a depth in the range from 6 m to 20 m.
Situated at the end of a largely enclosed sea, the lagoon is characterized by high variations in water levels. Such variations may be the result of several concurring mechanisms: (i) the astronomical tide, (ii) the storm surge, (iii) the wave set-up, and (iv) the surge induced within the lagoon by wind directly blowing over it. The astronomical tide ranges between +50 cm and −50 cm. The storm surge is higher than in other parts of the Mediterranean basin because of the shallow water of the northern part of the Adriatic Sea and also because of the effect of the Scirocco and Bora winds. Indeed, the Sirocco wind blows parallel to the main axis of the Adriatic Sea and the Bora wind is characterized by very high velocities. Several numerical models have been developed in the last decades in order to obtain reliable forecasts of storm surge in the Venice lagoon [2] [3] [4] [5] [6] [7] . With regard to the effects of the local winds, these have been analyzed in several studies [8, 9] . In particular, these studies indicate that there is a set-down area in the north of the lagoon and a set-up area in the south. In the center of the lagoon, the effect of the local wind is small. Ferla and Rusconi [8] analyzed the water level during a strong Bora event, assessing the lagoon storm surge level of +0.50 m in the south of the lagoon and of −0.30 m in the north, under a wind speed of 15 m/s. Similar values were observed in the study of Zecchetto et al. [9] .
Further phenomena that contribute to the flooding of Venice are the land subsidence and the eustasy. These phenomena are primarily induced by the drawing of groundwater that has been intense in the past, particularly in the industrial area of Marghera.
During the last century, the relative lowering of Venice has totaled (23-26) cm [10, 11] : (12-15) cm related to land subsidence (around (3) (4) cm as the result of natural effects and around (9-11) cm as the result of anthropogenic effects) and 11 cm related to the sea-level rise [12] .
Following the flood of 4 November, 1966 [13] , in which the flood level reached 194 cm MZPS, the Italian Government promoted a series of activities to reduce the impact of flooding in the Venice lagoon. The acronym MZPS indicates that the water level is referred to the Mareographic Reference of Punta della Salute. This datum is generally used as a local reference, and it turns out to be 23.56 cm lower than the national vertical level datum, named IGM1942.
Among the various infrastructures, mobile barriers were planned for the three lagoon inlets. These mobile barriers are known as the Experimental Electromechanical Module (MoSE). Together with other measures, such as coastal reinforcement, the raising of quaysides, and the paving and improvement of the lagoon, the MoSE is designed to protect Venice and the lagoon from floods of up To prevent interference with normal port activities while the MoSE is in operation, locks have been constructed at each of the lagoon inlets [14] (see Figure 2) . The lock at the Malamocco inlet is the most important because it allows for the transit of large vessels directed towards the commercial and industrial port of Venice (the port location is shown in Figure 1 ). At the Lido and Chioggia inlets, the locks are designed to allow emergency vessels, fishing boats and leisure craft to transit.
It is worth noting that the passage through the locks leads to a slowdown in maritime traffic, which may have economic repercussions. In order to reduce the interference between the water-level control system and the maritime traffic during non-extreme events, the Malamocco inlet could remain open while the barriers in other inlets could be raised up. The application of this solution results in a slowing down of the tidal flow between the Adriatic Sea and the lagoon. However, the meteorological events for which such a solution can be applied without overcoming the established safeguarding levels should be identified. In this regard, this paper presents the results of a numerical investigation that has identified the water level as well as other meteorological conditions for which partial use of the MoSE may be adopted. This paper is organized as follows. Section 2 provides information on the barrier closure criteria. In Section 3, the analysis of water levels in Venice town are shown. Section 4 describes the numerical model used in the study. In particular, this section describes the numerical model, the computational domain, the input data, and the calibration process. In Section 5, the results of the simulation with a partial use of the MoSE are shown. In Section 6, some concluding remarks are drawn. 
Current Barrier-Closure Criteria
The decision to raise the barriers is based on the results of several prediction numerical models, which predict various meteorological quantities such as the water level, wind velocity, wind direction, rainfall, and so forth. On the basis of the magnitude of such parameters, an event can be classified and the closure water level can be defined.
The main classification of events is based on both the maximum water level and the duration over the safeguarding level [15] . The 10 year return period event duration has been selected to define the criteria separating the two main closure classes: the first class, indicated as C1, groups all the events with a return period of less than 10 years (frequent events); the second class, indicated as C2, groups all the events with a return period greater than 10 years (extreme events). The thresholds between these two main classes are 150 cm MZPS and 11 h for the maximum water level and storm duration, respectively.
When the mobile barriers are in operation, the lagoon behaves as a closed basin and the water level may increase as a result of the following factors: (a) direct rainfall on the lagoon, (b) inflow from the surrounding watershed, (c) wind set-up in the lagoon, (d) flow through the three lagoon inlets during the closure operation, and (e) flow through the gaps between the gates that compose each barrier. To take into account the contribution to the rise in the lagoon water level caused by such factors, Class 1 (C1) is divided into four subclasses (1A, 1B, 1AV, and 1BV). These subclasses are shown in Figure 3 . 
Analysis of the Water Level in Venice
In order to provide information on the water levels observed in the lagoon, In order to carry out an analysis that was extended throughout the whole measurement period, the mean water level was detrended because of the variations of the zero mareographic of Punta della Salute caused by the aforementioned phenomena of subsidence and eustasy. The events characterized by a peak water level greater than 110 cm MZPS are also indicated in Figure 4 . The level of 110 cm MZPS is the safeguarding level of Venice town.
The analysis of the sea-water-level data shows that about 600 events were characterized by a water level greater than the safeguarding level of 110 cm MZPS and about 10 events were characterized by a water level greater than 150 cm MZPS. The average number of events characterized by a water level greater than 100 cm MZPS is approximately seven per year.
Among the events with a maximum water level that exceed the safeguarding level of 110 cm MZPS, the events with water levels between 110 cm and 120 cm MZPS make up approximately 62%, while the events characterized by water levels greater than 150 cm MZPS make up approximately 2% (see Figure 5 ). 
Hydrodynamic Model

Numerical Model
The simulation of Venice lagoon circulation was carried out using the model advanced circulation (ADCIRC), which is a numerical model for solving time-dependent, free-surface circulation and transport problems in two and three dimensions. The development of ADCIRC was a joint effort between US Army Corps of Engineers, University of North Carolina and the University of Notre Dame [16] [17] [18] .
ADCIRC can be run either as a two-dimensional depth-integrated (2DDI) model or as a three-eimensional (3D) model. Bajo et al. [6] and Roland et al. [7] have shown that 2DDI modelling is a suitable approach for evaluating the hydraulic variables in Venice. Therefore, for the cases analyzed here, the 2DDI version of ADCIRC was adopted. In this model, the elevation is obtained from the solution of the depth-integrated continuity equation in the generalized wave-continuity equation form. The velocity is obtained from the solution of the 2DDI momentum equations [19, 20] . For additional details of the ADCIRC formulation, interested readers are referred to [17] .
The simulations were carried out using finite-amplitude terms, advective terms and time-derivative terms. To take into account the effect of the bottom stress, the constant quadratic formulation was used.
Input Data and Model Set-Up
The morphology of the seabed was obtained from the charts of the Italian Navy Hydrographic Institute (NHI) and from the database of Provveditorato Interregionale per le Opere Pubbliche del Triveneto. The NHI charts were used to reconstruct the morphology outside of the lagoon (acquisition date: 1953), while the data provided by Provveditorato Interregionale per le Opere Pubbliche del Triveneto were used to reconstruct the morphology inside the lagoon and in the lagoon inlet (acquisition date: 2010-2015).
The water-level, wind and pressure data were obtained from the Institute for Environmental Protection and Research [21] . In particular, the data of the Aqua Alta oceanographic tower were adopted to define the boundary condition. The location of the station is shown in Figure 6a .
The computational domain was discretized using an unstructured grid. For the present case, the computational domain of the Venice lagoon was discretized with 141,476 nodes and 278,802 triangular elements. A grid resolution of 25 m was adopted for the lagoon inlet and the lagoon channel, while a grid resolution of 500 m was adopted for other areas (see Figure 6b ,c). Figure 6d shows the bottom depth inside the numerical domain. 
Boundary Conditions
The simulations were carried out by adopting the following boundary conditions. On the offshore boundary arcs, the water levels observed at Acqua Alta oceanographic tower were imposed, while along the internal coastline, the zero normal boundary fluxes were imposed. At each node of the domain, wind characteristics and atmospheric pressure observed at the Acqua Alta oceanographic tower were imposed. Such data, provided with a time interval of 10 min, was interpolated by the model for each time step.
Calibration of the Numerical Model
The numerical model was calibrated adopting the sea levels observed during two events: The water level, the wind and the pressure measured at the Aqua Alta oceanographic tower were used to define the boundary conditions of the simulations. Table 1 shows the main parameters of the two selected events. The calibration was carried out by changing the friction coefficient (C f ), which is used by the model to estimate the bottom stress. Three values of the bottom friction coefficient were considered: 0.005, 0.01 and 0.015.
The water levels as estimated by the model were compared with the data observed at three stations [21]: Punta della Salute, Faro Rocchetta and Chioggia Vigo (the locations of the three stations are shown in Figure 6a ).
The numerical model performance was estimated adopting the following parameters:
• Bias (bias):
• Root-mean-square error (rmse):
• Coefficient of determination (R 2 ):
Here Table 2 shows the values of the parameters bias, rmse, si and R 2 for the two selected events. The numerical model better reproduced the event of 23 November 2007, which was characterized by fairly frequent weather conditions. For this event, the bias was less than 1 cm, the rmse was at most equal to 10% of the mean value of estimated data, and the coefficient of determination was close to 1.
The synthetic performance parameters suffered a slight worsening for the extreme event of 1 December 2008 (return period greater than 10 years). Such behavior could be determined by the fact that the simulation of lagoon circulation is more complicated in the case of extreme events. However, no significant changes of synthetic performance parameters were observed with respect to the previous event. In order to evaluate the effect of the friction coefficient, Figures 9 and 10 show the average difference of the water levels observed for the different values of C f during the two selected events. In each grid point, the average difference was estimated as , an average difference of between −1 cm and +1 cm was observed over most of the domain. In the northern part of the lagoon, the average difference was slightly larger. In particular, the average difference was between −4 cm and −2 cm when comparing C f = 0.01 and C f = 0.005, close to −5 cm when comparing C f = 0.015 and C f = 0.005, and between −3 cm and −1 cm when comparing C f = 0.015 and C f = 0.01. With regard to the event of 1 December 2008, the average difference was greater than for the previous event. In the lagoon, the average difference was predominantly between 1 cm and 3 cm when comparing C f = 0.01 and C f = 0.005, between 3 cm and 5 cm when comparing C f = 0.015 and C f = 0.005, and between 1 cm and 2 cm when comparing C f = 0.015 and C f = 0.01.
The analysis reported above showed that the model reproduces the hydrodynamics within the lagoon relatively well, although a unique value of C f was adopted for the whole domain. Furthermore, the simulation carried out with the three different values of C f showed negligible differences compared to measured data and to each other. Such results suggest that with the aim to evaluate the maximum flood level within the lagoon, a single value of C f can be adopted, although a more accurate flow circulation should be obtained with a spatially variable friction coefficient in order to take into account the bottom roughness more appropriately. Consequently, the simulations analyzed in the next section were carried out adopting a unique value of C f equal to 0.01. 
Case Studies
Meteorological Conditions
The simulations were performed considering eight events characterized by different maximum water levels. These events were selected as they were characterized by a different maximum sea level value. In particular, for these events, the maximum sea level value was in the range between 110 cm and 120 cm MZPS for the events of Table 3 shows the main meteorological characteristics of the select events. The minimum water level was the relative minimum before the maximum sea level. The mean sea-level-rise velocity was estimated in the period between the minimum water level and the maximum sea level. The wind and the pressure characteristic were estimated for the period in which the sea level was greater than 110 cm MZPS. Figures 11-14 show the boundary conditions adopted for the selected events. On the basis of the MoSE closure criteria, it was assumed that all the select events fell into the C1-1A class. The effect of the rainfall was neglected at this stage. Indeed, a total level rise of less than 0.8 cm was expected if we assumed that the contribution of the rainfall was 1 mm h −1 and the contribution of the inflow from the surrounding watershed was 150 m 3 s −1 .
Results
For the simulated events, Figures 13-16 show the comparison between the configuration with only the flood barriers open and the configuration with flood barriers of Lido and Chioggia closed. The comparison was carried out using the water-level data measured close to the towns of Venice, Sottomarina and Chioggia. The safeguarding level was 110 cm for the towns of Venice and Sottomarina and 130 cm for the town of Chioggia.
Although the flood barriers of Malamocco inlet have not been activated, the maximum water level estimated for the events of 19 November 2010 was not greater than the safeguarding levels of 110 cm MZPS. However, in other simulated cases, the safeguarding level was exceeded or the security margin between the maximum level and the safeguarding level was very low.
One possible solution to avoid overcoming the safeguarding threshold by keeping only the barriers of Lido and Chioggia closed is the variation of the MoSE closing criteria. In more detail, if the water levels expected inside the lagoon overcome the safety levels (i.e., 110 cm MZPS in Venice or 130 cm MZPS in Chioggia), the raising of the barrier could start at a water level lower then that indicated by the true barrier closure criteria. For this purpose, additional levels of closure were considered: 80 and 60 cm MZPS. Moreover, the level of closure of 40 cm MZPS was considered for events for which this was possible. Figures 15-18 show the comparison of the water level estimated using different values of the closing water levels at which the barriers of Lido and Chioggia were raised. The results of the numerical simulations are summarized in Table 4 . For each event, the table shows the maximum water level if the flood barriers were closed and the maximum water level reached for the considered level closures. Another important issue to consider is the current velocity in the Malamocco inlet during the partial use of the MoSE. For all the analyzed events, Figure 19 shows the current velocity in Malamocco inlet in the case of the partial closure of the MoSE adopting the current barrier closure criteria. The velocity data were extracted at Point A shown in Figure 2 and located in the middle of Malamocco channel. The comparison showed that a difference of (20) (21) (22) (23) (24) (25) 
Discussion and Conclusions
In order to reduce the interference between the MoSE system and the maritime traffic in the Venice lagoon during the flooding events characterized by a non-extreme water level, one of the three inlets can be left open so as to ensure the transit of vessels.
Such solutions require a change of the current barrier closure criteria. In this regard, this paper has presented the results of a numerical investigation in which the partial use of the MoSE is simulated. Several events characterized by different meteorological conditions were simulated.
The partial closure of the MoSE can be adopted for all the events with a maximum water level of less than 130 cm MZPS, which represents about 85% of the total events. However, a variation of the current MoSE closing criteria is required. In particular, for the event of 19 November 2010, characterized by a low wind velocity (less than 2 m/s), an acceptable safety margin between the safeguarding level and the maximum water level was reached with a closing level of between 80 cm and 60 cm MZPS. The partial closure of the MoSE for the events with a maximum water level greater than 130 cm MZPS would not seem feasible. For such events, the safeguarding level is always exceeded, except for the event of 24 December 2009. However, a low safety margin was observed for this case.
On the basis of the results analyzed here, for the events characterized by a maximum water level of less than 130 cm MZPS and a low wind velocity of less than 5 m/s, the partial closure of the MoSE can be adopted. However, it would seem that the appropriate closure level is not easy to define, and more complex rules have to be adopted. In more detail, as a result of the forecasting data and the long periods of computational time available today, the decision to rise the gates could be taken by analyzing the results of numerical simulations carried out considering several closure thresholds.
With regard to the current velocity in the Malamocco channel, the partial closure of the MoSE seems to have no significant effects compared to the case in which the flood barriers are open. For the simulated events, a maximum difference of 20-25% between the case with the flood barriers open and the case with the barriers of Lido and Chioggia closed was estimated.
The results presented here have demonstrated that the partial closure of the MoSE can be adopted under specific meteorological conditions, although this must be confirmed by means of field tests. Given the high variability of meteorological events, powerful forecasting numerical models are required to determine whether the partial closure of the MoSE is possible and to define a suitable closure level of the flood barriers. The same method could be applied in other coastal areas vulnerable to marine flooding, such as the lagoons located in New Jersey, Santa Rosa Island, and in the Gulf of Aigues-Mortes [22] .
